Electrochemical impendence spectroscopy (EIS), cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed to investigate the barrier properties and electron transfer of derivatized thiol self-assembled monolayers (SAMs) on gold in the presence of surfactants. The thiol derivatives used included 2-mercaptoethanesulfonic acid (MES), 2-mercaptoacetic acid (MAA), and N-acetyl-L-cysteine (NAC). A simple equivalent circuit was derived to fit the impedance spectra very well. The negative redox probe [Fe(CN)6] 3-/4-was selected to indicate the electron-transfer efficiency on the interface of the studied electrodes. It was found that by changing the surface structure of SAMs, different surfactants could regulate the barrier properties and electron-transfer efficiency in different ways. A positively charged surfactant lowered the electrostatic repulsion between the negative redox probe and negatively charged surface groups of a monolayer, while enhancing the reversibility of electron transfer by virtue of increasing the redox probe concentration within the electric double-layer region. A neutral surfactant showed no significant effect, while a negative surfactant hindered the access and reaction of redox probe by electrostatic repulsion of same-sign charges.
Introduction
In the last decade, self-assembled monolayers (SAMs) of thiol derivatives on gold were proved to be a versatile model system for electrochemists, since they enable electrode surfaces to be modified in a well defined and reproducible way and to build up molecular architectures on the surfaces. 1 Fundamental studies in electron transfer, [2] [3] [4] electrochemical sensors [5] [6] [7] and electrochemical surface science in general 8 were performed using these systems.
The electron-transfer and ion-penetration behaviors of thiol derivative SAMs are among the research interests [9] [10] [11] [12] in the area of interface science. Long alkyl chain thiol derivatives, such as dodecanethiol (DDT), were selected to fill the defects of a capacitive transducer of an immunosensor. 13 Moreover, short alkyl chains thiol derivatives, for instance mercaptoacetic acid (MAA), mercaptoethane sulfonate (MES) and mercaptopropionic acid (MPA), were used to form porous disorganized monolayers on gold for the detection of copper in complex samples. 14 Therefore, it is necessary to investigate the electron-transfer and penetration properties of different SAMs under specific conditions. The orientation and barrier properties of SAMs of hexanedithiol, octanedithiol and 1,4-benzene dimethanethiol on gold in acetonitrile were studied by Sur et al. 15 They concluded that the latter could form more organized monolayers on gold than aliphatic dithiol SAMs. An impedance method to evaluate the ionization of acidic and basic groups in surface confined monomolecular films was reported by Schweiss 16 and his colleagues. Takehara et al. [17] [18] [19] [20] carried out seriate studies by cyclic voltammetry (CV) on the permeation properties regulated by the solution pH value, lanthanide and alkaline earth metal ions on glutathione and cysteine-containing dipeptide monolayer modified gold electrode. However, the experimental techniques that they used were not the best choice.
Surfactants were found to play important roles in the biological process. For instance, the alveolar cells of the lung can secrete a surfactant to maintain the stability of pulmonary tissue by reducing the surface tension of fluids that coat the lung. 21, 22 Furthermore, surfactants may strongly effect the conformation of the polypeptide chain. 23 Surfactants can also be used to facilitate the study of transmembrane proteins 24 and to mimic the properties of a cationic lipid. 25 In the field of electroanalysis, surfactants have been found to change the electron transfer of electroactive species at a bare metal electrode. For example, hexadecyl pyridine bromide (HPB) can improve the electron-transfer rate of hemoglobin at a bare silver electrode. 26 Cetyltrimethylammonium bromide (CTMAB) formed on an electrode surface can change the dissolution mechanism of copper under acidic conditions. 27 A didodecyldimethylammonium bromide (DDAB) multilayer modified pyrolytic graphite electrode was used to investigate the electrochemical behavior of spinach ferredoxin and multiheme. 28 The adsorbed myoglobin on a DDAB-modified graphite electrode can provide even more distinct peaks on the CV profiles. 29 Alternately, Tsai et al. 30 reported that surfactants could cause a deleterious effect on the cadmium peak during the stripping voltammetric detection of cadmium. The influence of an ionic surfactant on the Au-colloid modified electrode function was studied by Liu et al. 31 The results indicated that various surfactants exhibit different behaviors. However, the electron transfer at a thiol derivatives modified electrode with coexisting surfactants has not received much attention, and results concerning this matter are somewhat inconclusive. 32 Electrochemical impedance spectroscopy (EIS) has proved to be a valuable technique in extensive application areas, such as electrode kinetics, membranes, conducting polymers, semiconductors, surface treatment, batteries and fuel cells. Especially, in the research of interface phenomena, even using a simple electrolyte, EIS can provide much more prolific information about the stability of SAMs, their barrier properties and the degree of perfection than traditional electrochemical techniques.
In this paper, by using EIS, CV and differential pulse voltammetry (DPV), the effects of surfactants on the barrier properties of SAMs were considered based on the interaction mode between the head groups of a derivatized thiol molecule and of surfactants. The electron-transfer kinetics of a redox probe was measured to evaluate the barrier properties of SAMs in the presence of a surfactant. 
Experimental

Materials
Electrode pretreatment
A gold disk electrode (2.0 mm in diameter; CH Instruments, Inc., USA) was polished with α-Al2O3 power (first with 1.0 µm, then 0.3 µm, and finally with 0.05 µm power) slurries on a 1200 grit Carbimet disk until a mirror shiny surface appeared, and was then sequentially sonicated in methanol and double distilled water for 3 min to remove trace alumina. To ensure a clean surface, the polished electrode was subject to a cycling potential between 0 and 1.5 V in 0.5 M H2SO4 until reproducible cyclic voltammograms were obtained. 14 
Electrode modification
The SAMs of NAC were obtained by immersing clean electrodes in aqueous solutions containing 5 mM NAC overnight. MES and MAA monolayer modified electrodes were prepared by overnight deposition from 5 mM solutions of the corresponding thiols in ethanol solutions. In the self-assemble procedure, the environmental temperature was maintained at 4˚C. The resulting electrodes were thoroughly rinsed with the corresponding solvent, dried in a nitrogen stream and then immediately mounted in an electrochemical cell.
Electrochemical measurement
EIS, CV and DPV were performed using a CH Instruments Model 660A electrochemical workstation (Shanghai Chenhua Apparatus Co.) with CHI software, connecting to a personal computer and with a standard three-electrode system. EIS was performed in a 1 mM K3[Fe(CN)6]/K4[FeCN6] (1:1) solution containing 0.1 M KCl and corresponding surfactants. The impedance spectra were measured from 1 Hz to 100 kHz with an amplitude of ±5 mV. The impedance spectra were recorded in the form of Nyquist plots. Data fittings and simulations were performed using a frequency response analyzer (FRA, version 4.9, Eco Chemie, The Netherlands), according to the concept of Dr. B. A. Boukamp's so-called circuit description code (CDC).
All electrochemical measurements were carried out in 10-mL glass cells at room temperature. Thiol derivative-modified electrodes were used as working electrodes. The potentials measured were vs. a saturated calomel electrode (SCE), and a platinum wire electrode was used as an auxiliary electrode. All of the glassware in a following experiment were immersed in a 0.1 M HNO3 solution overnight after being cleaned, and were then rinsed with double-distilled water and dried in air.
Results and Discussion
Electrochemical impedance spectroscopy characterization Impedance theory of SAM modified electrodes. In the absence of electroactive ions, the electrochemical impedance Z of an electrode covered with a well-organized SAM can be interpreted by a simple equivalent circuit of the total interfacial capacitance in series with the solution resistance (Rs). In real electrochemical cells, the capacitance is commonly treated as a constant phase element (CPE) to average out effects, due to inhomogeneties. The impedance of such a non-ideal double layer is represented by
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For an ideal capacitor, n is equal to 1. At very low frequencies the current is almost purely capacitive and the phase angles closely approach 90˚C. Ion permeation might occur on poorly assembled SAMs, thus increasing the capacitance and decreasing the phase angle at low frequency. [33] [34] [35] For a series combination of a capacitor and a resistor, it is convenient to plot the admittance Y (Y = Z -1 ) normalized to the angular frequency ω = 2 πf instead of the complex impedance Z (Nyquist plot), since in this case the Nyquist plot just yields a rather, or less straight line intersecting the real axis Z′ at Rs. In the complex plane of the semicircle-shaped curve with an imaginary axis yields the capacitance, CT. Hence, a more expressive admittance plot is used to present our data. For the total interfacial capacitance (treated as a CPE) in series with Rs, the real part of the admittance, Y′, is represented by = and the imaginary part by = j × .
Equivalent circuit of a thiol SAMs modified electrode.
A Nyquist diagram of electrochemical impedance spectrum is an effective way to measure the electron-transfer resistance. Figure 2 shows Nyquist plots of a MAA/Au electrode in the presence of a 1 mM [Fe(CN)6] 3-/4-probe solution containing different concentrations of HPB in the range from 10 -6 to 10 -4 mol/L. As shown in Fig. 2 , each of the impedance spectra includes a semicircle part and a linear line part, corresponding to the electron-transfer process and the diffusion process, respectively. The diameter of the semicircle represents the electron-transfer resistance (Ret) at the electrode surface.
The data of the electrochemical impedance spectra can be fitted by an equivalent-circuit model of the system. Based on the general electronic equivalent model of an electrochemical cell, an equivalent circuit that consists of the solution resistance (Rs) of the electrolyte between two electrodes and constant phase element (CPE), electron transfer resistance (Ret), and Warburg impedance (Zw) around each electrode, was derived to interpret the impedance measurement of thiol SAMs modified
electrodes. The CDC of this Randles' circuit with a CPE element instead of a pure double capacitance is R(Q[RW]). The equivalent circuit is shown in Fig. 3 . The two elements of the circuit, Rs and Zw represent the bulk solution properties and the diffusion of the redox. They are not influenced by the reaction occurring at the electrode surface. CPE and Ret depend on the insulating and barrier properties at the electrolyte/electrode interface. By fitting the electrochemical impedance spectra to the equivalent circuit, the value of each electrical element in the equivalent circuit was obtained, as shown in Table 1 . In Fig. 2 , curve (a) is a Nyquist plot of a bare gold electrode in 1 mM [Fe(CN)6] 3-/4-without any surfactant. A very small semicircle domain (Ret = 0.43 kΩ) was found, which implied a very low electron-transfer resistance to the redox probe. After a modification with MAA, the electron-transfer resistance reached a large value (not shown in the figures). From curve (e) to curve (b) (in Fig. 2) , along with an increase of the HPB concentration from 5 × 10 -6 to 10 -4 mol/L, the interfacial electron resistance decreased dramatically, which indicated that surfactant HPB facilitates the electron transfer of the electrochemical probe on the MAA monolayer modified electrode. As can also be seen, there was almost no change in Rs, which demonstrated that it was not affected by a modification on the electrode surface. Table 1 . After a modification, the electrontransfer resistance of NAC/Au was much higher than that of the 681 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 MAA modified electrode, indicating that the NAC formed a denser and better ordered monolayer on the gold electrode than MAA. With an increase of the HPB (cationic surfactant) concentration, the electron-transfer resistance decreased from 12.32 kΩ to 4.42 kΩ, and also minished the barrier effect of a self-assembled monolayer. In Table 1 , the Warburg impedance is shown to decrease along with an increase of the surfactant concentration; at the same time, the electron transfer-resistance decreases, indicating that the electrochemical reaction that occurred on the electrode surface changed from diffusion control to electron transfer control.
Cyclic voltammetry and differential pulse voltammetry characterization
General barrier properties and surface structure of SAMs in the presence of surfactants. CV and DPV were also employed to investigate the barrier properties and electron transfer of a derivatized thiol SAMs modified electrode in the presence of surfactants.
Electrochemical experiments were performed in neutral solutions (pH 6.8). In this acidity, MAA (pKa = 4.52 on a gold electrode surface), 36 NAC and MES have a negative net charge at a neutral pH.
As shown in Table 2 , compared to the bare gold electrode, the peak current (ip) of the MAA modified electrode prominently decreased, along with an increase of the peak potential separation (∆Ep). This meant that a dense monolayer was selfassembled on the gold surface.
When SDBS (anionic surfactant) was added to a redox probe solution, the peak current decreased further, revealing that SDBS shows some hindrance to the access of Fe(CN)6 3-/4-onto the MAA/Au electrode. However, in a cationic surfactant (HPB and HTAB) containing an electrolyte, the phenomena were contrary.
Compared with MES/Au, the residual currents on MAA and NAC modified electrodes were neglectable in the cyclic voltammograms, which show that except for MES/Au, the electron-transfer reaction on the electrode surface was efficiently hindered by MAA and NAC monolayers. This may be a stronger electrostatic repulsion of the terminal group of the MES-sulfo group, which prevents a compact and dense selfassembled monolayer from forming on the gold electrode. Only a loose and porous film was obtained. This film can hinder the access of macromolecules, for instance proteins, while a smallsize molecule, [Fe(CN)6] 3-/4-ion, can still penetrate and be reduced on the electrode surface.
A schematic diagram of the surface structure of a MAA monolayer on a gold surface in the presence of different surfactants is given in Fig. 5 . The effect of the surfactant type on the barrier behavior can be interpreted by their structures. Because of an electrostatic attraction, the head group of a cationic surfactant was adsorbed on the carboxylate groups, which decreased the net negative charge on the MAA monolayer for neutralization. Therefore, the electrostatic repulsion between the MAA monolayer and Fe(CN)6 3-/4-ion was reduced, which eventually lead to an open channel in the MAA monolayer. Thus, better reversibility of the electrontransfer reaction at the MAA monolayer was observed in the presence of cationic surfactants. In contrast, negatively charged carboxylate groups repel the head groups of an anionic surfactant; then, the long alkyl chains of the anionic surfactant can intercalate into the MAA monolayer. This adsorption mode resulted in a denser membrane on a gold surface, which effectively hindered electron transfer.
Effect of a cationic surfactant. Significant electrochemical parameters, (Epc, Epa and ∆Ep) were obtained by cyclic voltammetry. The apparent heterogeneous rate constant (ks) was obtained from EIS. These parameters were used to characterize the reversibility of a redox reaction on the electrode surface. Former studies of Porter et al. 37 and Meiller et al. 38 proved that the compactness and sensitivity of a monolayer could be effectively probed by the redox behavior of a reversible couple. Therefore, the electron transfer efficiency of a monolayer can be evaluated by the kinetics of a redox probe, namely by the cathodal peak separation to the anodic peak (∆Ep). The electron-transfer efficiency on the monolayer can be characterized by the diversification of ∆Ep, 34 equal to the process in the presence of surfactants.
The electrochemical parameters of the MAA modified 682 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 electrode in the presence of different surfactants are given in Table 2 . In the presence of cationic surfactants, HTAB and HPB, the penetration response occurred on MAA/Au when the surfactant concentration was even as low as 5 × 10 -6 mol/L. Along with increases of HTAB and HPB concentrations, the penetration response appeared more prominent. When their concentration reached 10 -4 mol/L, the electrochemical behavior of MAA/Au approached that of a bare Au electrode. The values of ks and ip increased along with a decrease of ∆Ep, which indicated that the interaction between a cationic surfactant and the MAA monolayer improved the electronic kinetic reaction. We thus concluded that the reversibility of the redox reaction was enhanced, and the electron transfer on the electrode surface became easier in the presence of a cationic surfactant. As shown in Table 2 , a lower value of ks with a higher value of ∆Ep was obtained in a probe solution containing 10 -4 mol/L HTAB compared to 5 × 10 -5 mol/L, which implied that the redox reaction has a better reversibility in the latter electrolyte. This may mean that when the concentration of HTAB reached 10 -4 mol/L, a micelle formed in the solution, which affected the electrode reaction.
As shown in Fig. 6 , the value of ks increased linearly along with the concentration of HPB and HTAB on a MAA-modified electrode, which indicated that the amount of opened "channels" in monolayer was directly related to the HPB and HTAB concentrations in the range from 5 × 10 -6 mol/L to 10 -4 mol/L. Moreover, the ionic surfactants adsorbed on the monolayer were in equilibrium with their molecules in the solution.
Differential pulse voltammograms of 1 mM [Fe(CN)6] 3-/4-, measured with a NAC modified gold electrode in the presence of HTAB, are shown in Fig. 7 . The same tendency can be seen. Effect of an anionic surfactant and a non-ionic surfactant. 3-/4-measured with a NAC modified gold electrode in the presence of SDBS. As can be seen, no permeation response was observed. Also, along with an increase of the SDBS concentration, the value of ks decreased with a decline of the reversibility and the residual current, which shows that the negative surfactant SDBS hindered the access and the reaction of the redox probe by an electrostatic repulsion of the same sign charges.
Differential pulse voltammograms of the MAA/Au electrode in a redox probe solution containing Tween-80 (non-ionic surfactant) are shown in Fig. 9 . As can be seen, in the presence of a non-ionic surfactant, the MAA monolayer also showed a permeation response. Along with an increase of the Tween-80 concentration, the response became more obvious. However, the effect of a non-ionic surfactant was not as prominent as ionic surfactants. Tween-80 showed no significant effect on the NAC/Au electrode. 
Conclusion
The barrier properties and electron transfer of self-assembled thiol derivative monolayer modified electrodes in the presence of different surfactants were quantitatively investigated by seriate electrochemical experiments. It was found that by changing the surface structure of SAMs, different surfactants could regulate the barrier properties and electron-transfer efficiency in different ways. A positively charged surfactant lowers the electrostatic repulsion between the negative redox probes and negatively charged surface groups of the monolayer, enhancing the reversibility of electron transfer by virtue of increasing the redox probe concentration within the electric double-layer region. A neutral surfactant shows no significant effect, while a negative surfactant hinders the access and reaction of a redox probe by an electrostatic repulsion of samesign charges.
The adsorption model between the surfactant and the thiol derivative monolayers and the suggested methods can be further used to study the penetration property of biomembranes.
